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Abstract: A robust and versatile signal-on fluorescence sensing strategy was developed to 

provide label-free detection of various target analytes. The strategy used SYBR Green I dye 

and graphene oxide as signal reporter and signal-to-background ratio enhancer, respectively. 

Multidrug resistance protein 1 (MDR1) gene and mercury ion (Hg2+) were selected as target 

analytes to investigate the generality of the method. The linear relationship and specificity of the 

detections showed that the sensitive and selective analyses of target analytes could be achieved 

by the proposed strategy with low detection limits of 0.5 and 2.2 nM for MDR1 gene and Hg2+, 

respectively. Moreover, the strategy was used to detect real samples. Analytical results of MDR1 

gene in the serum indicated that the developed method is a promising alternative approach for 

real applications in complex systems. Furthermore, the recovery of the proposed method for 

Hg2+ detection was acceptable. Thus, the developed label-free signal-on fluorescence sensing 

strategy exhibited excellent universality, sensitivity, and handling convenience.

Keywords: fluorescence, turn-on, SYBR Green I, graphene oxide, multidrug resistance protein 1 

gene, Hg2+

Introduction
Fluorescence is a common analytical method facilitated by modern testing requirements 

and developments; it exhibits simple operation, time efficiency, sensitivity, selectivity, 

and potential for high-throughput bioanalysis.1–4 Several fluorescent techniques have 

been developed to detect various target analytes. Fluorescent sensors based on fluores-

cence dyes, such as fluorescein isothiocyanate and FAM labels, have been a general 

routine for biological applications, especially imaging and assays.5,6 Semiconductor 

quantum dots and metal clusters with adjustable emission wavelengths have also been 

used for DNA and protein detection.5–9 Unfortunately, most of the reported biosensors 

often require label modifications, which increases difficulty in detection, operation 

costs, and experimentation time.9 The development of robust, label-free, and sensitive 

methods for sensing target molecules through fluorescence is desiderated.2,7,10 SYBR 

Green I (SGI) can be used as a probe to fabricate label-free fluorescent sensors.2,10,11 SGI 

preferentially binds to double-stranded DNA (dsDNA), but stains single-stranded DNA 

(ssDNA) with weak performance. The resultant dsDNA-SGI complex emits green light 

at λ
max

=520 nm, which is much higher than the ssDNA SGI system. Thus, SGI is widely 

used to develop label-free fluorescent sensors for biomolecular detection (eg, real-time 

quantitative reverse transcription polymerase chain reaction). However, because of 

the intrinsic signal of SGI in the absence of the target, the signal-to-background ratio 

of fluorescent sensors remains insufficiently high to make the analytical performance 
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high enough. Thus, there is an urgent demand for developing 

universal fluorescent sensors based on SGI with improved 

sensitivity and specificity.10,12

Graphene oxide (GO) is a 2D nanomaterial commonly 

used as an ideal amplification platform for biosensors because 

of its enhanced electronic properties, good biocompatibilities, 

and large surface area.12–15 In addition, GO interacts with 

ssDNA by π–π stacking interactions between nucleotide 

bases and GO; however, this material rarely interacts with 

rigid dsDNA or aptamer target complexes.15–17 Thus, the fluo-

rescence of dye-labeled ssDNA will be completely quenched 

through fluorescence resonance energy transfer upon bind-

ing to GO surface. Therefore, GO is an excellent signal-to-

background ratio enhancer to improve the performance of 

fluorescent methods based on its features.18 Free SGI in the 

solution is also adsorbed on the GO surface because of the 

absorptivity of GO, thereby eliminating the SGI-generated 

blank fluorescence. In contrast to traditional fluorescent 

methods based on direct applications of SGI,10 the use of GO 

as a quenching platform amplifies the signal-to-background 

ratio to improve the performance of SGI-based label-free 

fluorescent sensors and is a great attraction.

Multidrug resistance protein 1 (MDR1) gene is associated 

with the primary drug resistances of tumors. High expression 

levels of MDR1 indicate that tumor cells have low sensitiv-

ity to chemotherapy. Detection of MDR1 gene probes the 

sensitivity and tolerance of tumors to chemotherapy drugs 

and predicts the curative effect of chemotherapy by prognosis 

evaluation.19 Clinical methods, such as fluorescence in situ 

hybridization20 and real-time quantitative reverse transcrip-

tion polymerase chain reaction21 have been used to diagnose 

MDR1. However, some limitations in the reported meth-

ods include complicated, expensive, and time-consuming 

operations. Thus, a facile and effective method should be 

developed to detect MDR1 gene. In this study, a robust and 

versatile signal-on fluorescent strategy was fabricated to 

detect MDR1 gene using SGI dye and GO as signal reporter 

and signal-to-background ratio enhancer, respectively. The 

strategy relied on the switching fluorescence of SGI because 

of the selective insertion of dsDNA and release of DNA 

complex from GO to stimulate signals (Figure 1). Initially, 

SGI dyes and DNA capture probes (CPs) were adsorbed 

on GO surface via hydrophobic and π–π interactions; GO 

quenched SGI fluorescence to a low level. In the presence 

of target sequences, the competitive hybridization of the 

sequences with DNA CPs transform ssDNA into a DNA 

duplex structure. Free SGI intercalates with a section of 

dsDNA to facilitate release from GO surface. The fluores-

cence intensity of SGI is markedly enhanced in contrast to 

the low background signal. Thus, quantitative analysis of 

MDR1 gene can be performed by using GO as a signal-

to-background ratio enhancer and SGI as a signal reporter. 

Furthermore, a similar procedure based on the formation of 

hairpin probes from the CP was developed through T–Hg–T 

reaction to mercury ion (Hg2+), a serious environmental pol-

lutant, to verify method versatility. This strategy is useful 

for straightforward, sensitive, and economical detection of 

diverse specific targets because of its generality and practical 

maneuverability.

Experimental section
Materials and reagents
All the oligonucleotides used in this work were synthesized 

and purified by TaKaRa Biotechnology (Dalian) Co., 

Ltd., People’s Republic of China. Their sequences are as 

follows:

T

T

T
T
TT

T

T

GO
Capture (CP or MC)

Free SGI

Ex=495 nm

Ex=495 nm EX=4
95

 nm
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Figure 1 Representation of the signal-on fluorescence sensing strategy for MDR1 gene and Hg2+ based on SGI dye and GO.
Abbreviations: MDR1, multidrug resistance protein 1; Hg2+, mercury ion; SGI, SYBR Green I; GO, graphene oxide; CP, capture probe; TP, target probe; MC, mercury captures.
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1) the oligonucleotides for MDR1 detection:

CP: 5′-CCG GAA ACA TCC AGC ATA GG-3′
�Target probe (TP): 5′-CCT ATG CTG GAT GTT TCC 

GG-3′
One-based mismatch DNA (named as NDR2):

5′-CCT ATG CTT GAT GTT TCC GG-3′
One-based mismatch DNA (named as NDR2):

5′-CAT ATG CTT GAT ATT TCC GG-3′
Non-complementary DNA (Non):

5′-AT AgT gAT AAC gCT AgC TgCA-3′
2) the CP for Hg2+ detection (mercury captures [MC]):

5′-CATTCTTTCTTCCCCTTGTTTGTTTG-3′
SGI (10,000×) was purchased from Beijing Dingguo 

Biotechnology Co., Ltd. (Beijing, People’s Republic of 

China). The received SGI was diluted to 500× with dimethyl 

sulfoxide to make SGI stock solution, whose concentration 

was 19.8 µM.10 Mercuric chloride (HgCl
2
), NiCl

2
⋅6H

2
O, 

BaCl
2
, CrCl

3
, PbAc

2
, MnAc

2
, CoAc

2
 were all provided by 

Aladdin Reagents Co., Ltd (Shanghai, People’s Republic 

of China). Graphite flake (325 mesh) was purchased from 

Nanjing XFNANO Materials Tech Co., Ltd (Nanjing, 

People’s Republic of China). All reagents were of analytical 

grade and the water used throughout all experiments was puri-

fied through a Millipore system (Merck Millipore, Billerica, 

MA, USA). Binding buffer used for T-Hg-T reaction in Hg2+ 

detection and hybridization buffer used for MDR1 detection 

are phosphate buffered saline consisting of 10 mM Na
2
HPO

4
, 

10 mM NaH
2
PO

4
, 0.2 M NaCl (pH=7.4).

Assay procedures
GO was synthesized from graphite flake by an improved 

Hummers method.22 The CPs (CP 50 nM or MC 80 nM) were 

mixed with GO (2 µg/mL) and 8 µL SGI stock solution to a 

total volume of 200 µL. Then, the mixture was placed at room 

temperature 10 minutes. Following that, various amounts of 

target analytes (TP or Hg2+) were added and incubated for 1 

hour at specific temperatures (40°C for MDR1 and 27°C for 

T-Hg-T reaction). Immediately, fluorescence measurements 

were performed.

Apparatus and measurement
All the fluorescence measurement in this paper was per-

formed by a Cary Elipse Fluorescence Spectrophotometer 

(Agilent Technologies, Santa Clara, CA, USA). The sample 

cell was a 350 µL quartz cuvette. The excitation wavelength 

and emission wavelength were 495 nm and 520 nm respec-

tively. Both the excitation and emission slits were set at 5 nm. 

Atomic force microscopy (AFM) images were obtained on 

a Bruker Multimode 8 SPM (Bruker Corporation, Billerica, 

MA, USA) system in tapping mode.

Results and discussion
Optimization of sensing conditions
Effectiveness of GO content
To confirm the quenching effectiveness of GO and improve 

the signal-to-background ratio, SGI quenching for the MDR1 

detection system was tested to analyze the optimization of GO 

conditions. Figure 2 reveals that the fluorescence intensity 

significantly decreased with increased GO concentration, 

and was almost quenched when the GO concentration was 

2 µg/mL. The adsorption of GO for SGI and ssDNA was 

proved by using AFM, as shown in Figure 3. Figure 3A shows 

that the thickness of GO is about 1.2 nm. Figure 3B illus-

trates that the thickness of GO-SGI complex is about 2.0 nm,  

the thicker height might be due to the adsorbed SGI on the 

surface of GO. With the DNA adsorption on the surface of 

GO, Figure 3C illustrates that the increased thickness is about 

2.8 nm, which is in accord with the reported work.15

The effectiveness of GO concentration to the enhance-

ment of signal-to-background ratio for the detection system 

was further investigated. The effects of GO concentration 

on the detected fluorescence in the presence and absence 

of target MDR1 sequences were compared in a 50 nM CP 

system. The signals gradually decreased with increased GO 

concentration (Figure S1A in Supplementary Materials). With 

F
0
 and F as the respective fluorescence intensities of SGI at  

500 520 540 560 580 600

10

0

20

30

40

50

60

70

80

90

100

0
0 2 4 6

20

40

60

800 µg/mL

5 µg/mL

FL
 in

te
ns

ity
 (a

u)

Wavelength (nm)

 F
lu

or
es

ce
nc

e 
in

te
ns

ity
 (a

u)

GO concentration (µg/mL)

Figure 2 Influence of different concentrations of GO on fluorescence intensity 
without target analytes.
Notes: Inset shows the relationship of GO and fluorescence intensity. The 
concentrations of SGI and CP in the test were 0.79 µM and 50 nM, respectively. 
Error bars were the standard deviation of the three replicate determinations.
Abbreviations: GO, graphene oxide; SGI, SYBR Green I; CP, capture probe; FL, 
fluorescence; au, arbitrary units.
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Figure 3 AFM height images of (A) GO sheets, (B) GO and SGI complex, and (C) GO and ssDNA complex on mica substrates.
Abbreviations: GO, graphene oxide; SGI, SYBR Green I; AFM, atomic force microscopy; ssDNA, single-stranded DNA.
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Figure 4 Effects of various volumes of SYBR Green I on F/F0 in the absence and 
presence of 10 nM target DNA.
Notes: The concentration of graphene oxide was 2.0 µg/mL. Error bars represent 
standard deviations of measurements (n=3).

520 nm in the absence and presence of target MDR1 sequences, 

F/F
0
 increased with GO concentration (Figure S1B). A slow 

growth amplitude occurred for GO concentrations greater than 

2 µg/mL, in which F/F
0
=8.2 was high enough to sensitively 

quantify the target. The continuous increase in F/F
0
 for GO 

concentrations higher than 2 µg/mL was mainly attributed 

to a sufficiently low F
0
. The corresponding values of ΔF = 

F – F
0
 were also compared. Figure S1C indicates that ΔF 

was almost kept constant with increased GO concentration 

from 0 µg/mL to 2 µg/mL. ΔF values for GO concentrations 

higher than 2 µg/mL were much lower than those for GO 

concentrations from 0 µg/mL to 2 µg/mL. Given the results 

of ΔF and F/F
0
, the GO concentration was selected to be 

2 µg/mL for analytical applications.

Effectiveness of SGI concentration
Optimization of SGI concentration in the detection system 

was investigated. A 200 µL MDR1 gene detection system 

was used to analyze the changes in F/F
0
 for different SGI con-

centrations. Figure 4 reveals that F/F
0
 continuously increases 

until the volume of SGI stock solution reaches 8 µL, and 

slightly decreases thereafter. Thus, the optimum SGI volume 

was selected to be 8 µL for 200 µL detection systems. The 

SGI volume corresponds to an SGI concentration of 0.79 µM 

in 200 µL, which optimizes the increase in F/F
0
.

Effectiveness of assay time
To determine the assay time, the monitoring of the F/F

0
 as 

a function of time was studied. SGI quenching for the Hg2+ 

detection system was tested to analyze the optimization of 

assay time. Figure 5 shows the gradually increased F/F
0
 due 

to the increased time. The binding of ssDNA probe and target 

caused the gradual desorption of probe from the surface of GO. 

Combined with the embedding of SGI, the fluorescence gradu-

ally increased. From the result of the monitoring of the time 

dependent fluorescence changes, it illustrated that 60 minutes 

was the most appropriate reaction time for the reaction. Thus, 

an incubation time of 1 hour was adopted for the assay time.

Sensing performance of MDR1 gene 
and Hg2+

To confirm the performance of the detection capability of 

the proposed fluorescence sensing strategy, two different 

systems of MDR1 gene (TP) and Hg2+ were applied. Figure 6 

shows that the fluorescence intensities increase with TP or 
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Figure 5 Effects of reaction time of SYBR Green I SGI on F/F0 in the absence 
and presence of 1.2 µM Hg2+ in the test conditions of 8 µL SGI, 80  nM MC, and 
2 µg/mL graphene oxide.
Note: Error bars represent standard deviations of measurements (n=3).
Abbreviations: Hg2+, mercury ion; MC, mercury captures; SGI, SYBR Green I.
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Figure 6 Fluorescence spectra (A, C) and the changeable fluorescence intensities (B, D) towards different concentrations of MDR1 gene (A, B) and Hg2+ (C, D).
Notes: (A) Fluorescence spectra of 8 µL SGI, 50 nM CP, and 2 µg/mL GO upon addition of various concentrations of MDR1 gene. (B) Values of ΔF = F – F0 for different 
concentrations of MDR1 gene. Inset: calibration plot of F – F0 against the concentration of target MDR1 gene from 0 nM to 50 nM. (C) Fluorescence spectra of 8 µL SGI, 
80 nM MC, and 2 µg/mL GO upon the addition of various concentrations of Hg2+. (D) Calibration plot of F – F0 against the concentration of target Hg2+ from 0 nM to 2,000 
nM. Error bars represent standard deviations of measurements (n=3).
Abbreviations: FL, fluorescence; au, arbitrary units; SGI, SYBR Green I; CP, capture probe; GO, graphene oxide; MDR1, multidrug resistance protein 1; Hg2+, mercury ion;  
MC, mercury captures.

Hg2+ concentration. Addition of TP or Hg2+ induced a turn-on 

fluorescence of SGI. For the TP system, F – F
0
 increased 

with the TP concentration increased in the range of 0 nM to 

1,000 nM. Furthermore, a good linear relationship between 

F – F
0
 and TP concentration was illustrated in the range of  

0 nM to 50 nM (Figure 6). This result suggested that 

quantitative assays for TP concentrations could be obtained. 

The calibration plot of linear equation is given as:

	 y =7.4922C
TP(nM)

+4.6862 with R=0.9902.� (1)

The limit of detection (LOD) was found to be 0.5 nM based 

on 3σ/slope, where σ is the standard deviation of the blank 

sample. The LOD was much lower than the reported DNA 

sensor (LOD=2.3 nM) based on single-walled carbon nano-

tubes as the quencher platform.23 Furthermore, the label-free 
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features of the gene assay indicated its high convenience and 

cost efficiency. To verify the universal applicability of the 

proposed sensing strategy, Hg2+ was also monitored using the 

same approach. Figure 6C reveals that the fluorescence inten-

sity gradually increases with Hg2+ concentration from 0 nM 

to 2,000 nM. F – F
0
 and Hg2+ concentration exhibited a linear 

relationship (Figure 6D). The linear equation is given as:

	 y=0.02612C
Hg

2+
(nM)

+6.2976� (2)

for Hg2+ concentration between 10 and 2,000 nM with 

R=0.9953 and LOD of 2.2 nM based on 3σ/slope. The LOD 

was lower than that of 5 nM of the electrochemical biosen-

sor for Hg2+ based on polydopamine coated reduced GO,24 

and also lower than 20 nM of the fluorescent sensor for Hg2+ 

based on DNA-functionalized silica nanoparticles.25 In addi-

tion, the LOD of the proposed method (2.2 nM) for Hg2+ was 

much lower than the US Environmental Protection Agency 

standard (10 nM Hg2+ for potable water). The good linear 

relationship and relatively low LOD demonstrated that the 

method is a sensitive approach to monitor Hg2+ concentra-

tion in water bodies like rivers. Furthermore, the proposed 

method exhibited ease of operation, low operating costs, and 

environment-friendly procedures.

The specificity of the sensing strategy relied on the high 

selectivity of the chosen gene sequence. To assess the poten-

tial interference by other conditions, the specificities of the 

proposed method for MDR1 gene and Hg2+ were investigated 

through mutant genes and other metal ions. One-mismatch, 

three-mismatch, non-complementary DNA and control 

blank were selected to analyze the specificity of MDR1 gene 

(Figure 7 and Figure S2A). The results indicated that only 

MDR1 gene markedly changed the fluorescence. In contrast to 

complementary sequences, one-mismatch sequence of MDR1 

gene merely triggered half of the changes in fluorescence inten-

sity. For Hg2+ selectivity, the method could be applied to test 

other 2,000 nM metal ions, such as Cu2+, Fe2+, Ni2+, Ba2+, Cr3+, 

Pb2+, Mn2+, Co2+, Ce2+, and Ag+ compared with 2,000 nM Hg2+ 

(Figure S2B). Other metal ions yielded negligible effects in 

contrast to Hg2+, which possessed a high fluorescence intensity. 

These results suggested that no interference emanated from 

other metal ions in the sensing system for Hg2+ detection. The 

highly selective result for Hg2+ was attributed to the specific 

actions between Hg2+ and T to form T–Hg–T complexes. Over-

all, the selective results for MDR1 gene and Hg2+ confirmed 

the high specificity of signal-on fluorescence sensing.

Real applications of the proposed 
method
The feasibility of the proposed assay to real samples was evalu-

ated by analyzing the MDR1 gene in 10% serum solution and 

testing the recovery of Hg2+ in actual water samples. The sensor 

was tested with known concentrations of MDR1 gene spiked 

in 10% serum for fluorescence detection. Figure 8 shows the 

fluorescence spectra of the proposed sensor in the presence of 

various concentrations of MDR1 gene in the serum. The fluo-

rescence intensity at 520 nm gradually increased with the 

concentration of MDR1 gene. As shown in inset of Figure 8, 

the calibration curve of the fluorescence intensity against the 

concentration of MDR1 gene was found to be:
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Figure 7 Fluorescence spectra from “a” to “e” for the addition of 20 nM target, 
one-based mismatch, three-based mismatch, non-complementary MDR1 gene and 
without any target in the test conditions of 8 µL SGI, 50 nM CP, and 2 µg/mL GO.
Abbreviations: FL, fluorescence; au, arbitrary units; MDR1, multidrug resistance 
protein 1; SGI, SYBR Green I; CP, capture probe; GO, graphene oxide.
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	 y=7.4001C
TP(nM)

+13.2151� (3)

in which R=0.9888 and the slope of the calibration curve was 

7.4001. Compared with the best-fit curve in Figure 6B (with 

the slope of 7.4922), the proximity of the slope of the cali-

bration curve in Figure 8B indicated that the proposed assay 

could accurately work to detect MDR1 gene in the serum.

For the actual Hg2+ detection system, two water samples 

were collected from Minjiang River and one sample was 

obtained from tap water in our laboratory. Then, the samples 

were analyzed with the proposed sensing system using 

standard addition methods. Prior to the addition of 60 nM 

Hg2+, the fluorescence signals of the water samples were tested. 

The spiked samples with 60 nM Hg2+ were then added to three 

actual water samples to test the fluorescence signals through 

the proposed method. Fluorescence intensities before and after 

Hg2+ spiking were used to calculate the recovered Hg2+ con-

centrations according to the calibration equation (Figure 6D). 

The analytical results (Table 1) suggested that the recovery 

and precision of the proposed assay to detect Hg2+ in actual 

water samples were acceptable and satisfactory. The detection 

performance toward MDR1 gene and Hg2+ based on the sens-

ing system was robust in complex matrices for distinct targets 

because of short testing times and simplicity in operation.

Conclusion
A robust and universal fluorescence sensing strategy was 

proposed to detect genes and metal ions. The principle of 

the assay relied on target-based turn-on fluorescence of 

SGI, which induced the formation of dsDNA or DNA with 

hairpin structures. GO was used as a platform to amplify 

the signal-to-background ratio and improve the sensitivity 

of the proposed assay. Under optimized conditions, the 

assay was successfully accomplished with low LODs of 

0.5 and 2.2 nM for quantitative detections of MDR1 gene 

and Hg2+, respectively. Furthermore, the strategy revealed the 

advantages in selectivity and actual applications toward the 

detection of MDR1 gene and Hg2+. The detection protocol 

of the method exhibited simplicity of operation and cost 

efficiency. Finally, considering the further improvement, the 

sensing strategy can be extended into signal-on and signal-

off types and applied to detect other important targets, such 

as proteins and small molecules, given the special design of 

the corresponding ssDNA or aptamer.
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Supplementary materials

Figure S1 Influence of different concentrations of GO on (A) the changeable fluorescence intensity with the absence (a) and presence (b) of 10 nM Target DNA, (B) the 
ratio of the fluorescence intensities, and (C) the difference of SGI at 520 nm in the absence and presence of 10 nM target DNA. 
Notes: The concentration of SGI in the test was 0.79 µM. Error bars were the standard deviation of the three replicate determinations.
Abbreviations: GO, graphene oxide; au, arbitrary units; SGI, SYBR Green I; FL, fluorescence.
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Figure S2 (A) Fluorescence intensities for 8 µL SGI, 50 nM CP, and 2 µg/mL GO upon addition of 20 nM target, one-based mismatch, three-based mismatch, non-
complementary MDR1 gene, and without any target. (B) Selectivity evaluation of 8 µL SGI, 80 nM MC, and 2 µg/mL GO toward 2,000 nM Hg2+ and other ions. 
Abbreviations: MDR1, multidrug resistance protein 1; SGI, SYBR Green I; CP, capture probe; GO, graphene oxide; Hg2+, mercury ion; MC, mercury captures; NDR, non 
multidrug resistance protein.
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